This paper proposes a methodology to optimize the longitudinal profile of roads according to either an energy consumption or Global Warming Potential (GWP) criterion calculated for both construction and operation phases. For the construction phase assessment, this methodology is based on a earthworks model that computes the geometric differences between the natural terrain and the longitudinal road profile and moreover uses environmental data validated with real experiments. The operation phase is assessed by simulating traffic over a ten-years period. Traffic simulations are based on vehicle dynamic models, also validated with real experiments. The optimization problem is set up in a finite dimensional optimization. A case study illustrates this methodology. By taking into account actual traffic measurements, the optimized profile decreases by 6 % the total primary energy consumption and by 8 % the GWP.
Introduction
In the future, according to the International Transport Forum (ITF) 2017 report for the Organization for Economic Cooperation and Development (OECD), GreenHouse Gas (GHG) emissions from transportation should increase by 60% between 2015 and 2050 (ITF (2017 ). During this same period (2010 -2050) , in order to maintain the global warming below 1.5 • C, experts from the Intergovernmental Panel on Climate Change (IPPC) advise keeping the GHG emissions from transportation constant (Meyer et al. 2014) . It has thus become necessary to explore new leads in order to achieve this objective of GHG emissions for 2050. This goal has stimulated recent developments in the assessment of the environmental impacts of road infrastructure within Life Cycle Assessment (LCA) and Life Cycle Costs (LCC) framework. An LCA analysis considers several steps in the life of road infrastructure: planning/design, construction, maintenance, operations and end-of-life. Most researches conducted on assessment have focused on the construction and maintenance phases since these steps are fully controlled by road builders and operators. Recent research however revealed that the operation phase can account for up to 97 % of the facility energy consumption and 95 % of its GHG emissions when considering a 30-years lifetime, which is common in road structure sizing (Jullien et al. 2015a) . When comparing two infrastructure projects, the operation phase can become decisive. An accurate assessment of this phase is thus required.
In the automotive field, the road is often viewed as an invariant of the vehicle-infrastructuredriver system. Numerous studies have focused on limiting vehicle fuel consumption while investigating the benefits of vehicle enhancements or eco-driving behavior (for passenger cars: Kamal et al. (2011) , for trucks: Huang et al. (2008) ). Studies conducted on the influence of road characteristics on fuel consumption are not as prevalent (Hammarström et al. 2012 ) and mainly address rolling resistance (Bryce et al. 2014 ). The seminal work by Webb (1952) on the effect of longitudinal road grade on fuel consumption is interesting from a historical perspective.
Our approach here is different since this work focuses on the impact of road geometry on the operation phase energy demand. Such an approach is more widespread in the civil engineering field, where the road is considered as a design variable. The objective is generally minimizing the construction costs while maintaining satisfactory comfort and safety performances (Chew et al. 1989) . National design guidelines summarize good practices and provide limitations for the geometric characteristics such as the Guide for Road Design from American Association of State Highway and Transportation Officials, Austroads (Association of Australasian Road Transport Agencies) or the French ARP and ICTAAL (AASHTO 1994; Setra 2000) . Nevertheless, classical design methods are mainly based on economical cost assessments from the seminal paper by Monge (1781) to the more recent books in road design (e.g. Jha et al. (2006) ). Moreover, it appears that energy demand during the operation phase can indeed be taken into account but in a very simplistic way. In Jong and Schonfeld (2001) , fuel consumption is estimated from both average running speed and longitudinal road slope using regression models. More recently, Kang et al. (2011) included fuel consumption in the vehicle operating costs which are derived from applying vehicle-mile ratios to the length of road infrastructure and certain traffic information (traffic flow, travel time, and speed). The approach proposed herein is more accurate since it uses vehicle dynamics models.
In the environmental field, road impacts are assessed to obtain a more general view and are mainly based on simplified statistical models. Along these lines, Ragione and Giovanni (2016) , Sentoff et al. (2015) and Wyatt et al. (2014) highlighted the importance of taking into account longitudinal road slope in models that assess the environmental impacts. Nevertheless, longitudinal road slope is always considered as a constant input. More recently, Davey et al. (2017) proposed optimizing road design based on the basis of ecological considerations.
In this work, we apply an optimization methodology for road energy demand based on a specific variable, namely the longitudinal road profile. This methodology includes vehicle simulations, which are based on accurate and sensitive dynamic models and engine models validated using real data. The present paper thus proposes an original approach, that establishes a strong link between the civil engineering and automotive fields.
After describing the methodology and assumptions introduced to establish the optimization process, the paper will present the framework for assessment of the construction and operation phases. Next, the optimization method will be detailed. Lastly, the method will be applied to a case study and a discussion of results will be provided .
Methodology
The methodology developed herein, called "Sloop" for slope optimization, lies within the Eco-design framework, which is viewed as an infrastructure design optimization process. The optimization criteria consist of the assessment-related outputs of each phase of the infrastructure life-cycle (see the green arrows in Figure 1 pointing to the optimization cell). Degrees of freedom of the optimization are design parameters. This assessment is based on the impacts (red arrows) or resource consumption (blue arrows) of each infrastructure life-cycle phase, with, maintenance feeding back into the operations phase. With respect to the environmental impact assessment, two life cycle phases are taken into account: construction and operations. The optimization criteria are selected among classical life-cycle environmental impact indicators. The degrees of freedom of this optimization process consist of geometric characteristics (longitudinal slope, cross-fall, radius of curvature), as well as with surface characteristics (texture in relation to rolling resistance) or materials. The adequacy of this type of approach has been demonstrated in comparing two variants for the case of High Speed Rail Line project (Bosquet et al. 2014) . This study focuses on primary energy consumption and global warming potential (GWP) minimization. These indicators are robust, validated by the scientific community and standardized. The degree of freedom is the longitudinal profile of the road. The initial profile is provided by technical draftsmen. Sloop performs a local optimization around this initial profile. It is assumed that the optimized profile is not very different from the initial profile. Under this assumption, the maintenance phase is considered to be the same regardless of the longitudinal road profile. Similarly, the pavement layers are assumed to be the same for each profile. The construction phase is then primarily assessed by examining the earthworks, which are estimated by computing geometric variations between the natural terrain and the longitudinal profile. The operations phase is assessed by simulating traffic over a ten-years period (this choice of duration is discussed at the end of the paper).
Life Cycle Analysis: System description
The environmental impact assessment is carried out according to the standardized life cycle analysis methodology (ISO 2006a,b) . The objective therein is to obtain impact indicators values that correlate the earthmoving phase of a new road with the operations phase on the same road for a given period of time. The functional unit studied is defined so as "to enable the circulation of a certain level of vehicle traffic over a given road section for 10 years". Both the system and boundary conditions are described in Figure 2 . Some processes are not considered in the global assessment since they produce the same impact independent of the longitudinal road profile under the assumption that the considered profiles are not too much different:
• Road pavement structure (i.e. layer composition and thickness);
• Road maintenance sequences;
• Construction of plants, machinery and vehicles used to build and transport materials;
• Construction of the vehicles traveling the given road section.
In this paper, only primary energy consumption and global warming potential are considered. Following Wang et al. (2016) , the upstream part of energy and carbon footprint tied to fuel production is considered in both construction and operation phases of LCA. The indicator for 100-year global warming potential is calculated according to the IPCC 2007 method (IPCC 2007) . Regarding the construction phase, life cycle inventories used for earthmoving impact assessments stem from the ECORCE M (ECO comparator applied to Road Construction and Maintenance) database. They are described in the tool reference manual (Jullien et al. 2015b) . These inventories include the upstream part of energy and carbon footprint of fuel production. As far as the operation phase is concerned, only carbon dioxide emissions for the GWP are considered; these have been calculated from the fuel consumption data provided by VEHLIB (Electric Hybrid Vehicle Library) (Vinot et al., 2008a; Jeanneret et al., 1999) . To ensure system homogeneity, the GWP and energy consumption tied to fuel production are added in and originate from the same source as the ECORCE M software.
Sloop methodology steps
The Sloop methodology steps are listed in Figure 3 . Its core is a single-criterion optimization process. The following sections will detail the methodology in terms of energy minimization. The GWP minimization process is similar although not expressly developed herein. For a given initial longitudinal profile, the earthmoving volume is computed from the original ground level (included in the Worksite Data box). From this volume, an assessment of primary energy costs for the construction phase can be calculated. Next, vehicle trajectories are simulated on this initial longitudinal road profile, and primary energy consumption for the entire operations phase is estimated. The global cost in energy is the sum of construction cost and operating cost. The first iteration of the optimization algorithm analyzes these costs by computing longitudinal profile slopes and then proposes a new longitudinal profile. The optimization cycle can thus continue until convergence on the optimized profile, i.e. the one minimizing energy demand. An assessment of both the construction and operation phases will be provided in the next two sections.
Construction phase Assessment

Hypothesis and assessment method
For every road infrastructure project, the designer proposes a longitudinal profile that takes into account the following:
• design rules based on safety considerations, more specifically sight distance and braking distance depending on the pavement skid resistance;
• quality of the natural soil for possible reuse as embankment instead of final deposit. In case of reuse, specific treatments may be necessary (e.g. by incorporating lime into the soil);
• equilibrium between cut and fill in order to minimize earthworks. Starting from this longitudinal profile, considered as the reference profile, a 3D model of the road sub-grade, which supports the pavement layers, is computed. The comparison between this reference profile and the natural soil requires an accurate assessment of earthmoving. Various longitudinal profiles therefore lead to significant differences in earthmoving quantities. At the same time, these longitudinal road profiles do not imply significant changes in the pavement layer size because their widths and lengths mainly depend on traffic levels. Consequently, road pavement layers have not been formalized in the optimization process. Earthworks can be broken down into the following operations: raw material extraction, transportation and deposit as fill (in the case of reuse) or storage as final deposit (Capony et al. 2013) . Any assessment of earthmoving quantities must therefore include an estimate of the fuel consumed by earthworks equipment (bulldozer, scraper, dump truck) during each task. Soil treatment needs to be quantified as well. These aspects are incorporated into the evaluation of energy consumption and GHG for the optimization process. To achieve this goal, earth movements are estimated from volume differences between the natural ground level and the current longitudinal profile The energy consumption and GHG emissions assessment is performed using the software ECORCE M, which features an extensive database pertaining to earthworks equipment (Capony et al. 2013; Jullien et al. 2015b ).
Volume Computation
The longitudinal profile of the project, denoted Ps, and the natural soil profile, Pn, are altitudes relative to the distance x (also called the metric point); they are discretized every d meters. For each point on these discretized profiles, an altitude differential is computed and then multiplied by the road infrastructure width ,w ph , to obtain a surface area measure. In turn, this surface area is multiplied by the segment length, d, to yield a volume. Embankments with a given transverse slope, Cross-sections are chosen by the road designer according to mechanical considerations.
In conclusion, for each point on the discretized profiles, an elementary volume, V, is computed. The relevant equations are presented in the Appendix A for the simplest embankment cross-section, as illustrated in Figure 4 , though volume computations for all cases described in Figure 5 have been performed. Global embankment volume, V e , and cut volume, V c , are the sum of the elementary volumes, V, along the discretized longitudinal profile.
Assessment of energy consumption and GHG emissions from the Volume Computation
With these calculated volumes, the environmental impacts can be assessed in terms of both energy consumption and GWP by taking into account raw material extraction, transportation between excavation and embankment, laying of materials, and quicklime treatment of natural soil. The energy consumption associated with the construction phase, denoted E c , is calculated with the following equations:
with e f and e cnu , being the energy consumption per cubic meter for the embankment and the cutting spread on the final deposit, respectively. e f = e extrac + e trans × Dist FC + e spread + e lime × r limeF (3) e extrac is the energy consumed per cubic meter to extract the materials. e trans is the energy consumed to transport one cubic meter of materials over one kilometer. Dist FC is the average distance between cut and fill; this parameter depends on the site configuration. e spread is the energy consumed to spread one cubic meter of materials. e lime is the energy consumption associated with one cubic meter of quicklime. Lastly, r limeF is the quicklime rate of the treated embankment materials. (4) with r limeC being the quicklime rate of treated materials stored in the final deposit. Dist D is the average distance between cut and final deposit. E AddMat is the energy consumption due to required additional material in the event of a negative balance between fills and cuts (i.e. for a worksite with a materials deficit).
As far as GWP is concerned, the equations are set up similarly, i.e.:
with gwp f and gwp cnu , being the GWP per cubic meter for the fill and the cutting spread in a final deposit, respectively. The breakdown of environmental impacts is the same as for energy consumption with a set of consistent notations:
The optimization process includes E c and GWP c as cost components to be minimized.
Operation phase Assessment
Hypothesis and assessment method
The operation phase is assessed by considering a functional unit composed of a road section with various longitudinal profiles and traffic levels summed over a reference period. Environmental impact indicators are calculated by modeling traffic flows for ten years. A number of assumptions must be adopted regarding both the composition and evolution of traffic. A distribution of vehicles across several categories has been considered with the assignment of an average vehicle in each category for purposes of numerical simulations. Moreover, the evolution in the vehicle distribution is based on a French national study (CCFA 2017 ). The energy and GWP indicators are calculated via total fuel consumption over a ten-year traffic period. Special attention has been paid to the choice of vehicle fuel consumption model. Both gasoline and diesel engines have been considered in the simulations with various conversion factors. Lastly, total fuel consumption is calculated separately in both directions in order to consider the impact of the longitudinal profile, which does not have the same effect depending on travel direction (ramps and downhills).
Modeling considerations 4.2.1. Traffic
Traffic is modeled using different classes of vehicles from passenger cars to heavy vehicles. The number of vehicles in each class has been obtained through traffic flow measurements. The following classes are proposed in the present work:
Car: passenger cars;
Van: van with a Gross Combination Weight Rating (GCWR) less than 3.5 tons;
Mini-truck: Vans with a Gross Combination Weight Rating (GCWR) greater than 3.5 tons;
Truck: 2-rigid-axle heavy vehicles with a Gross Combination Weight Rating (GCWR) below 19 tons;
Articulated vehicle: 5-axle heavy vehicles with a Gross Combination Weight Rating (GCWR) of up to 44 tons (fully loaded). This type of vehicle however is not running fully loaded all the time. In fact, trucks can sometimes travel with a partial load and even if full, depending on the type of goods, the maximum available load might not be reached. To take into account these different load scenarios, this class has been separated into two sub-classes: 40-tons for almost fully loaded, and 25-tons for half-loaded vehicles. This choice is based on weight-in-motion data analyses carried out on the French national road network.
The vehicle sub-classes can also be defined by engine type. For passenger cars, both diesel and gasoline engines are considered, whereas for all other categories, only diesel engines are assumed. For each class, a vehicle model has been parameterized to be representative of the average fuel consumption of the entire fleet. The technical characteristics of these classes and the composition of traffic are presented in Table 5 . The vehicle speed is either the maximum legal speed or the maximum achievable speed, which means that vehicle speed actually depends on slope. For example, the truck speed may lie below the legal speed when traveling uphill and at the legal speed on downhill stretches, in using the engine brake and/or brake.
Vehicles
Several fuel consumption models are available in the literature. As an example, Hammarström et al. (2012) proposed a semi-analytical consumption model taking into account vehicle speed, rolling resistance force and geometric characteristics (transverse and longitudinal profiles). The objective therein was to estimate fuel consumption over an entire road network. The model is thus set at the macro scale and focuses on rolling resistance. The influence of longitudinal road slope is not fully analyzed. A parameter introduced, called RF (for Rise and Fall), serves to measure the total increase and total decrease in altitude (per distance traveled). This parameter can be viewed as an "absolute variation" of a function that describes the mathematical nature of this concept. Moreover, the model has been calibrated for just three types of vehicles: car, truck, and articulated vehicle.
It was decided in this study to use a customized model called VEHLIB (Vinot et al. 2008a; Jeanneret et al. 1999) , which is a Matlab/Simulink library developed at Ifsttar/LTE (Environment and Transportation Laboratory) to simulate all types of vehicles (from cars to articulated vehicles) and power-train architectures (from conventional to complex hybrid power-trains). It uses a modular cybernetic approach that allows for an easy exchange of vehicle components. According to this model, the vehicle is thus considered as a set of sub-systems. Modeling the vehicle therefore entails modeling its various units and the interactions taking place between them (Vinot et al. 2008b) . Simulating a vehicle requires defining a driving cycle, represented by a vehicle speed as a function of time and an altitude as a function of distance profile. Both the normalized cycles, e.g. NEDC (New European Driving Cycle) or WLTP (Worldwide harmonized Light vehicle Test Procedure), and a personally defined cycle can be used in this application. The VEHLIB model is mainly composed of the engine, clutch, gear-box, final gear and vehicle chassis sub-model. The vehicle chassis model comprises an aerodynamic model and a rolling resistance model. The fundamental dynamic principle is solved in order to proceed upstream from wheel effort to engine solicitation. Figure 6 displays the general principles of the fuel consumption computation. Starting from the trajectory of the vehicle and the longitudinal profile, Vehlib simulates the vehicle. One simulation output is the fuel consumption. Direct calculations yield the primary energy consumption and the CO 2 emissions which is converted in GWP. In the following, the calculations for each step are presented.
Firstly, Newton's second law is applied to a vehicle described as a single degree of freedom model (see the car on Figure 6 ) in order to compute the tractive force F t developed by the wheels:
where m is the vehicle's mass and γ is its acceleration. F r is the running resistance and is expressed as:
Where ρ is the air density, S is the front vehicle area, C x is the drag forces coefficient, C rr0 et C rr1 are the tires rolling resistance coefficients, g is the acceleration of gravity and α r is the angle of the slope in radian. This quantity varies according to the profile. As illustrated by the gears on Figure 6 , knowing F t and v, the engine torque and angular speed Figure 6 . Fuel consumption computation (T e and ω e ) are then computed. We exhibit the equations only for the engine torque, equations for the angular speed are symmetric.
Knowing F t , the torque T w to be applied to the wheel is then:
where R w is the wheel radius. Going upstream to the engine shaft considering the different gear ratios, the engine torque T e is then:
where k f g and η f g are the gear ratio and efficiency of the final gear, k gb and η gb are the gear ratio and efficiency of the gear box. Fuel consumption is then calculated using specific fuel consumption maps (e.g. see Figure 7 for a 390kW diesel engine). VEHLIB has been validated with experimental data. For example, the map of the vehicle representing the truck class (2-rigid-axle heavy vehicle) (Figure 7 ) was calibrated with experimental measurements recorded by CEREMA-Lyon (France's National Center For Studies and Expertise on Risks, Environment, Mobility, and Urban and Regional Planning).
Lastly, the fuel consumption of the different type of vehicles (see section 4.2.1) are calculated in the two directions of circulation and summed to obtain fuel consumption due to the traffic for N year s years (here, N year s = 10). Knowing these quantities, the computation of both criteria GWP and primary energy is straightforward taking into account the boundaries of the LCA system which includes fuel production and supply (see Figure 2) . We present the equations for the GWP 
where N year s is the number of years considered in the study, N vehk is the numbers of each type of vehicles composing the traffic for the year k (see section 4.2.1), FC d1 and FC d2 are the fuel consumption in each directions, and τ FC2GWP is the emission factor of one liter of fuel (its value is τ d2GWP for diesel and τ g2GWP for gasoline).
The emission factor coefficient is calculated adding the GWP of combustion and those by the fuel production part. For the combustion, it is derived from the combustion equation of a reference fuel in stoichiometric conditions:
where CH 1.86 is a hydrocarbon with a ratio hydrogen -carbon of 1.86 for diesel (respectively 1.89 for gasoline) according to the European norm (EU 2010). For the fuel production and supply part the emission factor comes from ECORCE M software (Jullien et al. 2015b) . Table 1 summarizes the aggregate emission factors used in equation 13 for diesel and gasoline and for GWP and primary energy with consistent notations, described in Appendix B. For the sake of clarity, we presented simplified equations. The simulation has to take into account some particular cases which complicate them. For example, going downhill if the slope is too steep, running resistance becomes a driving force in particular for trucks, and the equations are then modified to take into account the braking system (engine brake and mechanical brake). When going uphill, the engine limitations imply that the actual speed may be lower than the legal speed. This fact is simulated by Vehlib. Technical equations are moreover added for the choice of gear ratio.
Optimization method
Previous sections have described the energy consumption or Global Warming Potential (GWP) assessment of both the construction and operations phases of a road project according to the longitudinal road profile. This section will present the method implemented to identify the longitudinal profile that globally optimizes a criterion J, which designates either the primary energy consumption E or the GWP of a road project. J depends on the longitudinal profile Ps, i.e.: 
Since the optimal solution is a function, this problem becomes one of infinite-dimensional optimization. In this form, the solution to this optimization process cannot be directly applied by road designers. To overcome this obstacle, the longitudinal profile of a road is modeled as a sequence of straight lines linked by circular arcs. This sequence must follow stringent rules, as dictated by technical standards: such standards are specified in national guidelines, e.g. AASHTO (1994) for the United States or Setra (2000) for France. Moreover, infinite-dimensional optimization problems are difficult to solve.
For all these reasons, the previous infinite-dimensional optimization has been simplified into a finite-dimensional problem. The function Ps is parameterized as illustrated in Figure 8 and described by the following set of typical equations for road designers: 
α k is the longitudinal slope of the straight line k, x k , h k are the abscissa and altitude of the point of the intersection of straight line k and straight line k + 1. b k−1 and a k are internal variables output from the computation of the circle linking this straight line k to the next straight line.
is the equation of the circle, with radius R k , that links straight line k to straight line k + 1. This circle is tangent to straight line k at the point with abscissa a k and is tangent to the straight line k + 1 at the point with abscissa b k . With these equations, the derivative of Ps(x) is continuous which is a mandatory condition to simulating vehicle dynamics models. Also, circular arcs are often used by road designers to "smooth" the profile. For this purpose, large radii (R k > 10, 000 m) are chosen, thus implying that the circular arcs cannot be neglected in the longitudinal profile model.
The boundary conditions, i.e. the connection with the existing road, are managed by setting:
= α e , x n = x e , Ps(x n ) = Ps e . α b is the longitudinal slope of the existing road before x b , which is the beginning of the studied profile, α e is the longitudinal slope of the existing road after x e , which is the end of the studied profile.
The degrees of freedom in this parameterization are: x k , α k , R k , with k varying from 1 to n − 1 and R 0 , R n , α n .
The other variables can be obtained from the degrees of freedom. h k is computed in knowing x k−1 , x k and α k . a k , b k are computed in knowing the equation of circle C(x k , h k , α k , R k , x k+1 , h k+1 , α k+1 ).
With this parametrization, infinite-dimensional optimization problem (Equation 16) becomes the following finite-dimensional problem.
Since the chosen parameterization is commonplace for road designers, the initial profile, Ps 0 , is the longitudinal profile designed by them. One parameter of the optimization program n, i.e. the number of straight lines, is given by the road designers in order to adjust the profile to the natural soil. Its value is typically set by the initial profile. The degrees of freedom of the optimization program: x k , α k , R k are not completely independent of one another. For example, if the consecutive straight lines are parallel (i.e α k+1 = α k ), it is impossible to build a circular arc that joins them. Another constraint is that the beginning of the circular arc d k must lie after x k . Moreover, the assumptions of the methodology implies that the profile cannot be completely different from the initial profile. It means that the variations of the degrees of freedom are bounded. In summary, different technical constraints are added to the optimization protocol (Equation 18).
Application
In this section, the Sloop methodology is applied to a French road project in order to demonstrate its efficiency in defining a longitudinal profile that minimizes primary energy consumption or GWP. This road project had been carried out prior to our study. The actual road and alternative profiles delivered by Sloop are compared. Since the road actually exists, real traffic measurements have been performed to verify traffic estimations and recalibrate them as needed.
Description of the case study
The section is a 4.75 km long 2x2 lane road in the French national road network; its longitudinal slope varies from -2 % to 2 %. The same asphalt pavement mix has been laid over the whole section. All the technical data (earthworks, pavement structure) required to assess the energy demand and GWP during construction works were collected from the relevant road authorities.
Construction phase Parameters
During the construction phase, the energy consumption required and GHG emissions produced due to the tasks of extraction, spreading, transportation and treatment are described according to Equation. 1, 2, 5 and 6.
The calculations require identifying a number of parameters specific to this site. These values are: average distance between cut and fill (Dist FC = 1.132 km), average distance between cut and final deposit (Dist D = 0.869 km), average quicklime rate of the material treated for fill (r limeF = 1.04 %) and the quicklime rate for the final deposit, set at 0 % given the absence of treatment (r limeC = 0 %).This site features highly accurate values from dedicated experiments carried out in 2012 as part of the national TERDOUEST project (funded by the French National Research Agency). At most worksites, these parameters can be identified from mass diagrams. This particular site had a material surplus; for this reason, the parameters E AddMat and GWP AddMat are not used herein. Had such not been the case, then these parameters would be provided by life cycle inventory databases. In addition, the values of energy consumption and GWP for each task, as extracted from the tool ECORCE M (Jullien et al. 2015b ) during earthmoving are considered in this assessment (see Table 2 ).
Simulation Parameters of the Operations phase 6.3.1. Traffic measurements
Assumptions regarding traffic evolution heavily influence the impact indicator values. In 1998 (origin of this project), traffic was estimated at 8,800 vehicles/day with 23 % heavy vehicles (i.e. the sum of mini-trucks, trucks and articulated vehicles -these classes have not been distinguished in this initial study), in both directions. Moreover, traffic growth was assumed to reach 12,820 vehicles/day by 2020. To verify the validity of these assumptions, traffic data were collected in 2016 by CEREMA Lyon over a two-week period. Two counting devices with radars were installed in order to record the number of vehicles and their type and speed in both directions (see Figure 9 for the location of these devices).
As an initial finding, the measurements showed that the level of traffic is equivalent in both directions, and it was decided to apply the same values for average daily traffic in the two directions. Table 3 has been compiled from measured traffic by estimating an average daily traffic, which in both directions equals around 7,000 vehicles, while the road project hypothesis adopted in 1998 called for 8,800 vehicles/day, for an overestimation of approx. 20 %. Moreover, the proportion of heavy vehicles (>3.5 tons) is slightly higher, with 26 % vs. 23 % in the initial hypothesis.
Since this initial assumption on vehicle evolution was not consistent with measurements, we decided to consider a stable traffic in terms of evolution in the number of vehicles over 10 years. As regards traffic composition, we tracked the scenario of evolution in the French fleet, as defined by the French Ministry of Environment, Energy and Maritime Affairs (MEEM 2017). With these two assumptions, the total traffic volume for each vehicle class can be estimated over a 10-year period. Table 4 presents both the averaged measured traffic values and estimated traffic values. It is clear that this ten-year traffic volume estimation is rough and cannot be considered as an accurate traffic model. Nevertheless, the objective of our case study is to demonstrate the feasibility and interest of the given optimization method. Hence, this traffic model can be modified without having any consequence on the methodology. In road infrastructure projects, a very thorough traffic estimation is performed, and these data would be considered in the Sloop method.
Vehicle simulation
Traffic is divided into vehicle classes, and dynamic models are introduced to represent the vehicle behavior in each class. In France, diesel engines are installed in roughly 70 % of all passengers cars, but nearly 100 % in trucks and vans. Since the traffic composition on the test section remains quite similar to the overall French composition, it was decided to adopt the same assumption on the division of engine types. Moreover, the "diesel personal car" class has been split into three categories, modeled by a given vehicle type (small, medium and high), as available in VEHLIB. The data used to calibrate these models were derived from vehicles that had been tested and characterized with an Ifsttar chassis dynamometer, while the heavy vehicle characteristics entered into the models were provided by CEREMA Lyon. The number of vehicles in each class was then determined by means of the data obtained from CEREMA Lyon during the traffic measurement campaign. Table 5 lists the technical characteristics of the various vehicles used for this assessment, i.e.:
• number of vehicles passing in one day in one direction over the studied part of the road;
• mass of each type of vehicle (including load and passengers);
• product of the drag coefficient and the front surface area, denoted S.C x ;
• tire rolling resistance coefficients, in assuming a constant part (C rr0 ) and a part proportional to vehicle speed (C rr1 ). 
Optimized profiles
The initial profile is the current one denoted Ps actual (x); it is divided into six subsections (n = 6) and its length equals 4.75 km (see "Longitudinal profile optimization section" in Figure 9 ). The number of degrees of freedom is therefore 18, according to the formulation of the simplified optimization problem (see Equation 18), i.e.:
• 5 abscissas defining the intersection point between two consecutive straight lines;
• 6 slopes, one per section;
• 7 radii for the circle linking the section, since the two radii of the two extremities are also degrees of freedom.
A nonlinear constraint is applied to respect the final altitude (Ps f ) and in order to connect the optimized section with the existing road. Several technical constraints, based on guidelines and state-of-the-art, have been added to produce a consistent profile. The number of subsections is fixed, but the length and longitudinal slope of each subsection are free to be adjusted by the optimization algorithm. The simplified optimization problem (eq. 18) is solved using the Sequential Quadratic Programming (SQP) algorithm available in the "fmincon" Matlab Software function; it starts with the initial profile defined by Ps actual (x). Figure 9 exhibits the optimized profiles, the reference longitudinal profile and the natural terrain. The reference profile is that of the existing road (Ps actual (x)). The reference profile is smoother than the natural soil profile. The large natural soil variations in altitude have indeed been lowered to build the road. The flat profile is unrealistic profile that it links the beginning and end points with a straight line. It provides the maximum potential gain during the operation phase.
Results of the optimization process indicate a 6 % savings of the global primary energy (Table 6 ) compared to the existing profile. A 9 % savings on GWP is also obtained. According to the criteria of primary energy and GWP impact, the optimized profiles are smoother and lower than the reference profile. The solution to the GWP optimization is the lowest profile. The reasons for these differences are detailed in the following section. Optimized profiles are however not completely different from the initial profile so that the assumptions of a local optimization described in section 2 are fulfilled (in particular, the maintenance phase is the same for the initial profile and the optimized profile).
Discussion
Analysis of optimized solutions
For starters, the energy savings and GWP gains are significant between the optimized longitudinal profiles and the reference profile. According to Table 6 , these gains are equivalent to the energy consumption and GWP impact of the construction phase alone. An energy savings of 31 TJ (resp. 4129 teqCO 2 for GWP) is achieved during both the operation (24 TJ) and construction (7 TJ) phases. In comparison, the primary energy consumption for the construction phase alone equals 35 TJ (resp. 5950 teqCO 2 for GWP), with respect to the reference profile, and this figure decreases to 28 TJ (resp. 3422 teqCO 2 for GWP) in the optimized profile. This finding means that by taking into account the future use of the road over 10 years, the cost of the construction phase in GWP or energy can be nearly offset by optimizing road slopes.
Secondly, an optimization procedure that takes both construction and operating costs into account is mandatory. The solution optimizing just the operating cost is obviously a flat profile between the beginning and end of the studied section (see Figure 9 ). According to Table 6, the ). This profile also shows that compared to the reference profile, the gain during the operations phase can be evaluated at 26 TJ. Moreover, the energy-optimized profile is close to the minimum attainable profile (i.e. 472.6 TJ vs. 470.9 TJ). Thirdly, the gain in GWP is greater than in primary energy (9 % vs. 6 %). In targeting energy optimization, the gain is mainly generated by the operation phase (24 TJ vs. 7 TJ for construction). On the other hand, when optimizing with GWP as the objective, the gain is mainly due to the construction phase (2,528 teqCO 2 vs. 1,501 teqCO 2 for the operation phase). Moreover, the energy-optimized profile differs slightly from the GWP-optimized profile (see Figure 9 ). These two facts are explained by the quicklime soil treatment, which is costly in terms of both energy and GWP. It has a higher relative GWP cost than a relative energy cost: in Table2, the parameter is 2200 kgeqCO 2 /m3 for GWP, which is roughly 2,000 times the cost for the Spread, while the parameter is 9,000 MJ/m3 for Energy, i.e. less than 1,000 times the cost for the Spread. The algorithm seeks to minimize this treatment by minimizing the embankment. For this reason, optimized profiles are lower in altitude than the reference profile and GWP-optimized profiles are lowest in altitude (see Figure 9 ). This Sloop behavior is due to local conditions at the worksite. If the soil does not require any treatment, the optimized solutions will differ.
As a consequence, generation of the optimized profile according to GWP would create too many cuts; this profile cannot be built directly. One solution consists of adding a constraint to the optimization problem in order to exclude this type of unbalanced solution. However, in this practical case, the optimized profile according to energy is also significantly better than the reference profile in terms of GWP, showing a gain of 8 % (see Table6) . Hence, we did not attempt to improve the optimization problem but rather selected this profile as an alternative to the actual one for the GWP criterion as well. Subsequent analyses will focus on this optimized energy-based profile.
The optimized profile according to energy is well balanced in terms of fill and cut and moreover is compliant with the constraints of an actual construction project (see Figure 9) .
We have remarked that the construction gains are derived from minimizing soil treatment, but what are the actual sources of gains during the operations phase? The answers are displayed in Table 7 , which presents, for each vehicle class, the primary energy, fuel consumption and corresponding GWP calculated on a 10-year basis for both the reference profile and the profile optimized according to energy. The last row of this table lists the global values of energy consumption or GWP for all vehicles. The global gains of 6 % Energy and 8 % GWP are mainly due to articulated vehicles and trucks. This finding is explained by the fact that the optimized profile tends to limit the longitudinal slope (up and down) and then the energy dissipated during the braking phases.
Applicability of Sloop to other projects
This methodology offers new perspectives to stakeholders by raising awareness about the environmental impact of the operations phase due to the longitudinal profile. This methodology however cannot bring significant improvements to a constrained area like the mountains or a zone without slopes like flat plains.
We have proven the applicability of this methodology to a real case study but on a relatively small section (the optimized length is 4.75 km). For large projects, the number of degrees of freedom increases and the optimization is more complex the longer the computation time.
Hypotheses and limits of Sloop
Sloop results depend on traffic assumptions, i.e. number and type of vehicles. In our case study, we have limited the traffic evolution to 10 years. Moreover, since we are focusing on an actual road, we were able to carry out real traffic measurements and obtained accurate readings. It is very difficult to guess the nature of the traffic after 10 years, in particular with the development of electric vehicles. The prediction of the number of vehicles that will be traveling on the road depends on various exogenous factors like economic growth, fuel cost, regulations and, more generally, transportation policy (taxes, new infrastructure, etc.). From this perspective, the methodology remains valuable in testing various traffic evolution scenarios.
In general, Sloop yields results without an indication of uncertainty. Two major sources of uncertainty are:
• the assumptions adopted on traffic and its evolution: further investigation is needed to test the optimization algorithm with more complex traffic assumptions;
• characteristics of the natural soil: if the initial material has to be treated, then the cost in terms of GWP is higher. This specific problem can be addressed by carrying out geotechnical measurements or by computing the effect of this unknown factor on the uncertainty of the optimized solution.
Beyond this initial work effort, a complete sensitivity study will be carried out in the near future in order to assess uncertainty. The optimization with just one criterion oversimplifies the problem and can lead to unrealistic solutions. One perspective calls for carrying out a multi-criteria optimization in order to propose a set of efficient solutions (a Pareto front) to stakeholders. The decision to choose among these solutions is left up to the stakeholders. These algorithms serve to remove inefficient solutions. Decision-makers can then focus on relevant solutions.
The initial number of sections is fixed by the initial longitudinal profile. This parameter could be another degree of freedom for the optimization program. It is difficult however to take this parameter into account in the optimization program, whose number of degrees of freedom remains quite high.
Conclusion
This paper presented a methodology for optimizing the longitudinal road profile from a Life Cycle Assessment perspective. Two environmental indicators, namely primary energy consumption and GWP, have been considered in the analysis. The objective here is to minimize either energy or GHG emissions during both the construction and operations phases. This optimization protocol is based on models describing these two phases.
The model of the construction phase is based on:
• standard geometric models for natural soil and the road project; a comparison of the two models provides the basis of the earthmoving analysis; the earthmoving task is assessed using actual measurements of earthworks equipment fuel consumption;
• soil treatment.
The model of the operation phase is based on:
• dynamic models for the different types of vehicles; from dynamic models, the engine models provide fuel consumption and emissions;
• a 10-year traffic estimate; this estimate is calculated from actual traffic measurements.
These dynamic models have been validated during previous research work. They were selected in considering their accuracy, reliability and capability of assessing the effect of longitudinal profile on energy consumption and GWP.
This methodology was then applied to a real case study. With our assumptions of traffic evolution over 10 years, the optimized profile features a 6 % decrease in the primary energy consumption and a 8 % drop in the GWP impact. These results are indeed significant and can be explained by mechanical considerations. For example, the optimized solution mitigates the braking of trucks during a downhill descent.
These valuable results provide a new perspective for decision-makers by raising awareness about the environmental impacts of the operations phase due to the longitudinal profile.
point, h f is calculated as h i but at the end of the segment (at the metric point x f ). w ph i , is the width on top of the formation level at the beginning of the segment, and, w ph f , is the same at the end. w pb i is the width of the basis of the formation level at the beginning of the segment line. It is computed from h i and the slope s bi of the bank, w pb f is computed at the end of the segment. The differences are symbolized by ∆: ∆h = h f − h i , ∆w ph = w ph f − w ph i , ∆w pb = w pb f − w pb i . The discretization step, d, is chosen by the surveyor. Equation A.1 remains unchanged in the case of an excavation, with V simply becoming the earth volume to be extracted.
For the sake of clarity, we have only presented the computation of the volume corresponding to the simplest embankment cross section in Figure 4 . The volume computations were performed for all types of cross-sections, as described in Figure 5 by conducting the same method.
